In this report, we describe the high-yield secretory expression (~ 40 mg l -1 ) of pure, atrazinespecific Fab fragments (K411B) from P. pastoris that was achieved by co-integration of the genes encoding the heavy and light chains ( Crude culture supernatant was used to study the binding properties of the Fab fragment toward different s-triazines by means of competitive ELISA: the IC 50 value for the detection of atrazine was determined from the standard curve as 3 µg l -1 , which is one magnitude higher than the value obtained with the parental mAb K4E7 but equals that obtained when the same Fab fragment was expressed in E. coli cells. In addition, the cross-reactivity pattern of the Fab from Pichia is comparable to that of E. coli and the parental mAb K4E7.
Introduction
Recombinant antibody (rAb) fragments are usually produced in E. coli as expression system (reviewed in (Harrison and Keshavarz-Moore, 1996) ) and purified from the cell extract.
However, bacteria often are unable to fold properly or to secrete eukaryotic proteins such as antibodies, thus leading to low yields of soluble and active proteins even after denaturation and refolding of intracellularly accumulated inclusion bodies. In addition, even single mutations can dramatically influence the expression-yield of correctly folded antibody fragments in E. coli (Ito et al., 1993; Duenas et al., 1995; Knappik and Pluckthun, 1995; Ulrich et al., 1995) , which may possibly account for the failure to improve the properties of rAb fragments by mutagenesis.
To overcome these problems other expression systems such as mammalian (Dorai et al., 1994; Jost et al., 1994) , insect (Putlitz et al., 1990) , yeast (Bowdish et al., 1991; Davis et al., 1991) , plant (Firek et al., 1993) , and in vitro translation systems (Nicholls et al., 1993) have been used to produce rAb fragments (compared in (Verma et al., 1998) ). The main advantage of yeast is that it is eukaryotic, has well understood genetics, and can be manipulated and cultivated easily and inexpensively. Proteins produced in yeast also are subjected to typical eukaryote-specific, post-translational modification mechanisms, e.g. proteolytic processing, folding, glycosylation and formation of disulfide bridges. Due to the high yields obtained, the methylotrophic yeast Pichia pastoris has become a popular protein expression system (reviewed in (Cregg, 1999) ), including several single-chain antibody fragments and a diabody (Ridder et al., 1995; Eldin et al., 1997; FitzGerald et al., 1997; Luo et al., 1997a; Luo et al., 1997b; Luo et al., 1998) . However, the expression of the more stable, heterodimeric Fab fragments using this system has not been reported so far.
Only, HLA-DR2αβ (Kalandadze et al., 1996) and bovine follicle-stimulating hormone (Fidler et al., 1998) have been successfully expressed as heterodimeric, biologically active proteins in P. pastoris. The secretory expression of a complete dioxin-specific monoclonal antibody (mAb) by P. pastoris has been described (Ogunjimi et al., 1999) , but only a small percentage of the heavy and light chains formed the functional, active tetramer (H 2 L 2 ). An even higher yield of functionally active antibody fragments could result from the formation of the smaller, dimeric Fab fragments after co-expression of the heavy and light chain DNA sequences in P. pastoris. The objective of this study was to develop high-level expression and secretion of Fab fragments in P. pastoris. We used the well characterized atrazinespecific antibody fragment K411B (Kramer and Hock, 1996) , previously produced in E. coli.
Its target atrazine is a herbicide which is banned in several European countries, but can still be detected in ground-and drinking water. It is a very persistent environmental contaminant with a broad spectrum of serious negative effects on health. Thus, an accurate and rapid method is needed to detect this herbicide. Immunoassays that employ polyclonal antibodies (pAb), mAb (Eremin et al., 1994) , or rAb fragments (Ward et al., 1993; Kramer and Hock, 1996; Longstaff et al., 1998) have been developed to facilitate the detection of atrazine, but the conventional production of large amounts of pesticide-specific antibodies is expensive and requires appropriate conjugates consisting of a small analyte and a large molecule for the immunization of the animals. In contrast, large-scale production of rAb fragments in microorganisms is inexpensive and their properties can be manipulated as desired by genetic engineering. Thus, in future rAb fragments, especially Fab fragments due to their higher stability, are expected to play an essential role also in food and environmental immunoanalysis (Kramer and Hock, 1995) , and therefore appropriate production systems are of high industrial importance. (1 % yeast extract, 2 % peptone, 100 mM potassium phosphate, pH 6.0, and 1 % glycerol);
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BMMY medium (BMGY, but using 0.5% filter-sterilized methanol instead of 1 % glycerol).
The media were supplemented with 100 mg l -1 Zeocin. For plates, 1.5 % agar was added to the media.
The Fab fragment K411B is derived from hybridoma line K4E7 (Giersch, 1993) which secretes mAb against atrazine. Using the variable regions of K411B, scFv K411B* was produced using the pCANTAB 5E vector (Kramer and Hock, 1996) . The Fab fragment K411B had been generated previously by cloning the sequences coding for the variable regions in frame with the constant domains from pASK 85 (Bandtlow et al., 1996) Standard protocols (Sambrook et al., 1989) were used for the preparation and transformation of competent E. coli cells. Transformation of P. pastoris was made by following the Invitrogen electroporation method (Invitrogen, ) . The integration of the linearized vectors into the genome of recombinant P. pastoris clones was confirmed by PCR with antibody gene-specific primers and genomic DNA as template. Genomic DNA from P. pastoris was prepared according to the Invitrogen manual (Invitrogen, ).
Shake-flask cultivation of P. pastoris and secreted expression of Fab fragments P. pastoris transformants were grown in YPDS medium at 30°C, 200 rpm until OD 600 ~15.
Two hundred microliters of this preculture were used to inoculate 25 ml BMGY and incubated overnight. The yeast cells were collected by centrifugation (5 min, 3000 x g, 4-10 °C) and transferred to the BMMY induction medium until an OD 600 of 1.0 was reached.
Induction was maintained by the addition of 0.5 % methanol (v/v) every 24 hours. After a 96-hour induction, the cells were harvested and the supernatants stored at 4°C. The proteins in the supernatant were concentrated either by ultrafiltration using a polyethersulfone membrane (Ω-series; Pall Filtron, Dreieich, Germany) with a nominal molecular weight limit of 10 kDa or by precipitation with trichloroacetic acid (TCA): equal amounts of supernatant and 48 % TCA were mixed and incubated on ice for 30 min. After centrifugation (20800 x g, 15 min, 4°C), the pellet was washed twice with the same volume of acetone, airdried and then resuspended in 50 mM phosphate buffer (pH 7.0).
Fed-batch cultivation of Pichia pastoris in a bioreactor
A 5 l benchtop fermentor (Infors GmbH, Einsbach, Germany) with pH, temperature, agitation, dissolved oxygen (DO), and air flow control was used.
Fermentation inoculum was prepared by inoculating 100 ml of BMGY medium with 2 ml of an overnight culture in a 500 ml shake flask followed by incubation overnight (200 rpm, 8 30°C). This preculture was added (OD 600 of ~ 1.5) to the bioreactor containing 4 l of 1 % yeast extract, 2 % peptone, and 0.5 % methanol, and grown initially as batch culture at 27°C, pH 6.0 (adjusted with 10 % ammonium hydroxide), DO > 20 %, agitation at 400 rpm and air flow rate of 7 l min -1 . After exhaustion of the methanol, detected by a rapid increase in DO concentration, the fed-batch phase was began by continuously feeding 40 % methanol, 1 % yeast extract and 2 % peptone. Depending on the oxygen consumption of the culture, the feeding rate (initially ~2.7 ml h -1 ) was gradually increased (up to 22.5 ml h -1 ) to keep the DO level between 20 % and 30 %. The cells were centrifuged (3000 -5000 x g, 20 min, 4°C) after four days. The supernatant, as well as the samples that had been taken twice daily during the fermentation process, were analyzed by SDS-PAGE and ELISA.
SDS-PAGE and Western Blot analysis
Ten microliters of cell lysate or 10-fold concentrated supernatant were mixed with 10 µl of 2x SDS-sample buffer (Sambrook et al., 1989) , supplemented with 200 mM DTT for gels run under reducing conditions, and separated on 12.5 % polyacrylamide gels with a 4 % stacking gel.
For protein estimations, Coomassie-stained SDS-gels were analyzed by densitometry using Scion Image (Rasband, 23.07.1998 
revision date).
After equilibration of gel and nitrocellulose membrane in transfer buffer (25 mM Tris, 142 mM glycine, 20 % (v/v) methanol), the cells were electroblotted onto a membrane (Biorad transblot SD; 15 V, 20 min).
After blocking the dried membrane was probed with a mouse-anti-(his) 6 -mAb (SigmaAldrich Chemicals, Steinheim, Germany; dilution 1:1000 in 1 % albumin / TS-buffer (10 mM Tris pH 7.5, 0.85 % (w/v) NaCl); 1h, 20 -25°C) followed by a sheep-anti-mouse IgG coupled to horseradish peroxidase (Boehringer-Mannheim, Mannheim, Germany; dilution:
1:1000 in 1 % albumin / TS-buffer; 1 h, 20 -25°C). Bound antibodies were detected using 2.8 mM 4-chloro-1-naphtol and 0.167 % (v/v) hydrogen peroxide in 15 mM phosphate buffer, pH 6, as substrate.
Antibody-immobilized ELISA
A competitive ELISA for the determination of the standard binding curves of the Fab fragments towards atrazine and other cross-reactive s-triazines was performed as previously described , except that crude Pichia culture supernatants containing the recombinant Fab fragments were used instead of the parental mAb K4E7. The synthesis of the atrazine-C 6 -POD tracer was described previously (Wittmann and Hock, 1989) . To achieve low IC 50 values and low detection limits, and absorbance values above 0.2, tracerand antibody concentrations were optimized. The rabbit-anti-mouse-IgG-precoated microtiter plate was coated with Pichia-derived recombinant Fab fragments by diluting the fermentation supernatants 1-to 100-fold and incubating the plate for 1 hour at 20 -25°C.
For the competition reaction, atrazine standard solutions (0 -10 mg l -1 ) were incubated with the atrazine-C 6 -POD tracer solution (1:4000 -1:10000).
Results
Construction of the pPICZα-Fab expression vector
The pPICZα-Fab expression vector, which contains the sequences encoding both chains of the Fab K411B, each fused directly in frame with the α-factor signal sequence of S.
cerevisiae under the control of the AOX1 promoter, was cloned in two steps ( Fig. 1 ):
The two genes were individually fused directly in frame to the α-factor signal sequence using splicing-by-overlap-extension PCR (Horton et al., 1989) . The sequences for the heavy chain including a (his) 6 -tag-sequence (Hochuli et al., 1987) and for the light chain were amplified by PCR. pASK-K411B was used as template and the primer pairs Fab-5 / Fab-6
and Fab-1 / Fab-2, respectively. Both PCRs introduced an EcoRI-site at the 3'-end of the coding sequences and a region corresponding to the 3'-end of the α-factor sequence at the 5'-end of the amplified regions. In a second PCR reaction, the α-factor signal sequence was amplified and a SfuI site was introduced at the 5'-end, using pPICZαΑ as template and the primer pair Fab-3 / Fab-4. The resulting PCR product was combined in a third PCR reaction with the amplified light or heavy chain respectively as template (primer pairs: Fab-3 / Fab-6
and Fab-3 / Fab-2). This reaction fused sequences encoding the antibody chains with the α-factor signal sequence. Both PCR products were double-digested with EcoRI and SfuI and ligated into pPICZαA and pPICZαA-ΔPme, which were previously cut with the same enzymes, to produce the plasmids pPICZα-H, pPICZα-L, pPICZα-ΔPme-H, and pPICZα-ΔPme-L.
To combine both genes into a single vector, silent mutations were introduced into each of the heavy-and light-chain coding sequences to destroy BamHI-sites. All vectors (pPICZα-H, pPICZα-L, pPICZα-ΔPme-H, pPICZ-ΔPme-L) containing a monomer of one of the two antibody genes were double-digested with BglII and BamHI. DNA fragments encoding a heavy-chain expression cassette were ligated into linearized (BglII or BamHI) monomer vectors that held a light-chain expression cassette. DNA fragments encoding a light-chain expression cassette were ligated into linearized monomer vectors containing a heavy-chain expression cassette. Additionally it was taken into account that the resulting vector carried only one PmeI site in order to ensure proper linearization before transformation into P.
pastoris.
The two genes and their orientation towards each other could result in eight different heterodimeric vectors (pPICZα-Fab1 to 8) because of the introduced restriction sites (BamHI, BglII), which recognize different sequences but generate compatible sticky ends.
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All eight were transformed and propagated in E. coli DH5α, but only four (pPICZα-Fab-1, -3, -5, -7) that contained both, heavy and light chain sequences in the same orientation were transformed into P. pastoris.
The sequences encoding the heavy and light chains of the Fab fragment K411B integrated into the Pichia genome. Their presence was confirmed by PCR using genomic DNA as template and antibody gene-specific primers (Fab-7/Fab-8 for the amplification of the heavychain region and Fab-9/Fab-10 for the light chain region), followed by agarose gel electrophoresis. All clones tested contained both genes (Fig. 2 , lanes 2 -6, 8 and 9; fragments of ~350 bp for the heavy chain region, 300 bp for the light chain region).
Expression of the recombinant Fab fragments in shake flask cultures and in a 5 l bioreactor
Nine transformants (7 of Mut + and 2 of Mut S phenotype of heterologous DNA integration were used for expression studies in shake flask experiments. Secretion of the heterologous Fab fragment K411B into the culture medium was monitored by SDS-PAGE and ELISA.
We found only one protein, with a molecular mass of ~ 29 kDa, when 10-fold concentrated supernatants of methanol-induced cells were used, resolved on SDS-PAGE (denaturing conditions) and then stained with Coomassie blue (Fig. 3) . No band appeared in the supernatants of uninduced cultures or in the supernatant from a Pichia clone transformed with pPICZαA. The similar molecular mass of the two chains (24.2 kDa for the light and 25.0 kDa for the heavy chain) prevented their resolution by SDS-PAGE. However, the two chains could be separated by isoelectric focusing (data not shown). We performed a Western blot ( Fig. 3B ) with the proteins in the supernatants of clone 4A from non-induced (lanes 1 and 3) and induced (lanes 2 and 4) recombinant Pichia cells and an anti-(his) 6 -antibody, which binds to the (his) 6 -tag of the heavy chain. No proteins were detected in the supernatant of non-induced cultures (Fig. 3B, lanes 1 and 3) . We detected a 29 kDa protein, corresponding in size to the band appearing after SDS-PAGE (Fig. 3A , lane 2) under reducing conditions (Fig. 3B, lane 2) , thus confirming the presence of the heavy chain. We detected two bands under non-reducing conditions ( Fig. 3B lane 4 
Binding properties of the recombinant antibodies
We assayed the P. pastoris-derived Fabs directly from the supernatant in a direct, competitive ELISA. Atrazine was used at different concentrations and the atrazine-C 6 -POD tracer competed for the binding sites of immobilized Fab fragments. The supernatants of all of the induced recombinant clones led to the expected sigmoidal binding curves (Fig. 4A ), whereas the negative control (supernatant of induced P. pastoris containing pPICZαA) gave no signal. The different amplitudes of the curves might be due to different expression levels of the clones. The normalized Crossreactivity of the Fab K411B derived from P. pastoris clone 4A was determined by comparison with standard binding curves of the major cross-reactants of the mAb K4E7 among the s-triazines (propazine, terbuthylazine, simazine, cyanazine, and deethylatrazine), all of which have a chlorine atom at position 4 of the triazine ring (Fig. 4C) . The resulting crossreactivity pattern (Fig. 4D ) is similar to that of the parental mAb K4E7 as well as the scFv fragment expressed in E. coli (Kramer and Hock, 1996) .
Discussion
We showed for the first time that recombinant P. pastoris cells can secrete functional Fab fragments after induction with methanol. Expression of heterodimeric proteins in P. pastoris usually relies on co-transformation and genomic integration of two vectors, each containing the sequence encoding one subunit of the protein (Kalandadze et al., 1996; Fidler et al., 1998) . In contrast, our strategy was to construct a single expression vector with sequences encoding each antibody chain in a separate expression cassette but with the same regulatory sequences in either AOX1 promoter and termination signal. Thus, both heterologous sequences are integrated into the genome of all transformants as shown by PCR and only a single selectable marker is required for expression. In contrast, only a small portion of the transformants gained after the co-transformation of two vectors carry both genes (Kalandadze et al., 1996) as also in these cases only a single selection marker is used. The different intensities of the bands on the agose gel (Figure 2 ) corresponding to the amplified heavy and light chains is probably due to experimental variation as the PCR conditions for the two chain has not been optimized.
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The expression level (40 mg l -1 ) of the Fab K411B after fermentation of recombinant P.
pastoris cells in a 5 l bioreactor is not high when compared to other heterologous proteins that are expressed in the range of g l -1 (Sreekrishna and Kropp, 1996) . Nevertheless, the yield is much higher than that reported for other secreted heterodimers, e.g. 300 -400 µg l -1 for HLA-DR2 (Kalandadze et al., 1996) , and 17.5 -61 µg l -1 for ovine-follicle stimulating hormone (oFSH). The Fab expression level in P. pastoris is similar to that observed for the parental mAb (50 -100 µg ml -1 ) expressed by the hybridoma clone K4E7 (Giersch, 1993) .
P. pastoris secretes Fab into the culture supernatant as extremely pure protein (Fig. 3A) that can be used for practical applications without any further purification. In contrast, antibody fragments produced in E. coli often accumulate as intracellular or periplasmic inclusion bodies and usually must be refolded and purified (Better and Horwitz, 1989) .
Approximately 30% of the Fab fragments produced by P. pastoris were correctly folded.
Although this value is not optimal, it is not unusual: Expression of scFv mutants with a Cterminal cysteine, which allows the formation of an intermolecular disulfide bridge in bivalent dimers, resulted in a monomer:dimer ratio of 3 to 1 (Luo et al., 1997a) . Ten percent and 33% of the secreted subunits of the ovine-follicle stimulating hormone oFSHα and oFSHβ, respectively, formed stable dimers (Fidler et al., 1998) .
The difference in the apparent molecular weight of the heavy chain under reducing and nonreducing conditions is probably due to the intramolecular disulfide bonds, which are intact under non-reducing conditions but broken under reducing conditions. Thus, incomplete crosslinking of the two chains probably results from the failure of one of the chains to find a partner, although both chains are expressed at similar level as determined by isoelectric focusing, rather than the result of inproper formation of disulfide bonds by Pichia.
Ogunjimi et al. (Ogunjimi et al., 1999) produced a functional murine antibody to dioxin. Its secretory expression by P. pastoris resulted in total protein yields between 10 and 36 mg l -1 .
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Only a very small portion of the two chains, however, constituted the intact antibody (H 2 L 2 ).
Western Blot analysis under non-reducing conditions revealed that in this case, heavy and light chains were secreted as monomers or as heavy chain-light chain (HL) dimers. We assume that the ratio of functional protein to total expression level decreases as the number of subunits needed to assemble an intact Ab increases. Thus, the Fab fragment with its high expression level and an appropriate thermal stability during fermentation, is an optimal antibody fragment for secreted expression in Pichia pastoris, combining the advantages of scFvs (Luo et al., 1997b) and of mAbs (Ridder et al., 1995) .
The Fab K411B has binding properties (IC 50 ~ 3 µg l -1 (~14 nmol l -1 ), crossreactivity pattern)
that are identical to those obtained with the Fab K411B expressed in E. coli W3112 under the control of the tetracycline promoter of pASK-K411B (data not shown). The parental mAb K4E7 has an IC 50 of ~ 0,2 µg l -1 (~ 0,9 nmol l -1 ), which is one order of magnitude lower than that obtained with the recombinant antibodies. This difference also is seen between the scFv K411B and the corresponding mAb K4E7 (Kramer and Hock, 1996) but the reason is not known.
In conclusion, we showed that Fab fragments of high purity can be produced at high levels by P. pastoris. Our findings suggest that P. pastoris is an attractive organism for the production of recombinant antibody fragments, including both homo-and hetero-multimers.
In particular, dimeric Fab fragments were present at a good ratio between expression level of functional protein and total expression level at a high purity. Therefore, Pichia strongly suggests the possibility of Fab production for use in diagnostic or therapeutical applications as well. 
